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THERMALLY-CONTROLLED VALVES 
AND METHODS OF USING THE SAME IN A WELLBORE 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application is related to commonly owned U.S. Patent Application Serial No. 

10/ , [Attorney Docket No. 2003-IP-01201] entitled "Loop Systems And Methods 

Of Using The Same For Conveying and Distributing Thermal Energy Into A Wellbore," filed on 

the same date as the present apphcation and incorporated by reference herein. 

FIELD OF THE INVENTION 

[0002] This invention generally relates to the production of oil. More specifically, the 

invention relates to methods of using a thermally-controlled valve in a wellbore to regulate the 

flow of fluid such as steam into and out of the wellbore. 

BACKGROUND OF THE INVENTION 

[0003] Many reservoirs containing vast quantities of oil have been discovered in subterranean 

formations; however, the recovery of oil from subterranean formations has been very difficult due 

to the relatively high viscosity of the oil and/or the presence of viscous tar sands in the formations. 

hi particular, when a production well is drilled into a subterranean formation to recover oil residing 

therein, often little or no oil flows into the production well even if a natural or artificially induced 

pressure differential exits between the formation and the well. To overcome this problem, various 

thermal recovery techniques have been used to decrease the viscosity of the oil and/or the tar 

sands, thereby making the recovery of the oil easier. 

[0004] One such thermal recovery technique utilizes steam to thermally stimulate viscous oil 

production by injecting steam into a wellbore to heat an adjacent subterranean formation. 

However, the steam typically is not evenly distributed throughout the wellbore, resulting in a 

temperature gradient along the wellbore. As such, areas that are hotter and colder than other areas 
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of the wellbore, i.e., hot spots and cold spots, undesirably form in the wellbore. The cold spots 
lead to the formation of pockets of oil that remain hnmobile. Further, the hot spots allow the steam 
to break through the formation and pass directly to the production well, creating a path of least 
resistance for the flow of steam to the production well. Consequently, the steam bypasses a large 
portion of the oil residing in the formation, and thus fails to heat and mobilize the oil. A need 
therefore exists to more evenly distribute the steam throughout the wellbore during its injection and 
to restrict the recovery of the steam, thereby reducing the amount of hot spots and cold spots in the 
wellbore. 

SUMMARY OF THE INVENTION 
[0005] According to an embodiment, methods of operating a downhole tool comprise 
thermally-controlling the tool by sensing a temperature and controHing the tool in response to the 
sensed temperature. In an embodiment, thermally-controlled downhole tools comprise a control 
element responsive to a change in temperature. The control element controls the flow of fluid into, 
out of, or through a wellbore. In one embodiment, the control element comprises a temperature 
sensor coupled to an actuator or an amplifier, hi another embodiment, the control element 
comprises a mechanical element actuated by changes in temperature such as a thermally 
expandable material or one or more thermal expansion chambers. Li an embodiment, thermally- 
controlled downhole tools may also comprise a thermally-controlled valve for controlling the flow 
of material downhole. 

[0006] According to an embodiment, methods are provided for servicing a wellbore by using a 
thermally-controlled tool in a wellbore, for example, a steam assisted gravity drainage (SAGD) 
wellbore. The thermally-controlled tool comprises a thermally-controlled valve (TCV) for 
controlling the flow of material into, out of, or through the wellbore, A plurality of TCV's may be 
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arranged in the welibore to control the injection of steam into the wellbore. The steam injected 
into the wellbore heats oil in an adjacent subterranean zone, thereby decreasing the viscosity of the 
oil. As a result, the oil can be more easily conveyed from the subterranean zone to the surface of 
the earth during production of the oil. In another embodiment, a plurality of TCV*s are arranged in 
a production conduit disposed in the wellbore to control the recovery of material from the 
wellbore. The TCV's may restrict the flow of steam out of the wellbore. 

[0007] In an embodiment, thermally-controlled valves for regulating the flow of material in a 
wellbore comprise: a valve body comprising an injection port for allowing the material to flow into 
the wellbore; and an opening/closing mechanism for regulating flow through the injection port in 
response to a change in temperature. The opening/closing mechanism optionally may be located in 
a side pocket of the valve. The TCV's include connectors or threads for coupling the valve body to 
a downhole conduit or tool such as a steam delivery conduit or an oil production conduit. In 
another embodiment, systems for regulating the flow of material in a wellbore comprise a 
downhole conduit for conveying the material into an injection wellbore or out of a production 
wellbore and at least one thermally-controlled valve connected to the downhole conduit. 

DESCRIPTION OF THE DRAWINGS 
[0008] The invention, together with fiirther advantages thereof, may best be understood by 
reference to the following description taken in conjunction with the accompanying drawing in 
which: 

[0009] Figures lA-lC depict embodiments of a thermally-controlled valve for controlling the 
injection of steam into a wellbore. 
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[0010] Figures 2A-2C dq)ict embodiments of a thermally-controlled valve for controlling both 
the injection of steam into a wellbore and the injection of condensate into a return line that exits the 
wellbore. 

[0011] Figure 3 depicts a balanced pressure thermostatic valve that may be used to control the 
injection of steam into a wellbore in accordance with an embodiment. 

[0012] Figures 4A-4B depict a bimetallic valve that may be used to control the injection of 
steam into a wellbore in accordance with an embodiment. 

[0013] Figure 5 depicts a liquid expansion thermostatic valve that may be used to control the 
injection of steam into a wellbore in accordance with an embodiment. 

[0014] Figure 6 depicts a bi-metal reed valve that may be used to control the injection of steam 
into a wellbore in accordance with an embodiment. 

[0015] Figure 7 depicts a bi-metal sliding valve that may be used to control the injection of 
steam into a wellbore in accordance with an embodiment. 

[0016] Figures 8A-8C depict different embodiments of a concentric sleeve valve that may be 
used to control the injection of steam into a wellbore. 

[0017] Figures 9A-9B depict different embodiments of a variable-orifice radial valve that may 
be used to control the injection of steam into a wellbore. 

[0018] Figures lOA-lOB depict different embodiments of a variable-orifice reed valve that 
may be used to control the injection of steam into a wellbore. 

[0019] Figures 11 A- HE depict different embodiments of a thermally-controlled valve 
comprising a side pocket for holding the brain of the valve. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
(0020] As used herein, a thermally-controlled downhole tool is defined as controlling a 
function of a tool disposed in a wellbore between first and second positions and intermediate 
positions therebetween, and vice versa, in response to changes in temperature. A control means is 
disposed downhole in situ with the tool. For example, controlling and/or sensing elements may be 
integral with the tool and thus may be contained within a tool housing. Also, the sensing and 
controlling elements may be separate or combined. The thermally-controlled tool may comprise a 
thermally-controlled valve (TCV) for controlling the production and/or injection of material such 
as steam downhole. The TCV is described in more detail below. 

[0021] hi an embodiment, a control signal is not transmitted fix)m the surface. The 
temperature change is sensed downhole by the thermally-controlled tool, and the function of the 
tool is self-controlled accordingly. For example, the control element may comprise a mechanical 
element actuated by changes in temperature. The mechanical element may comprise a thermally 
expandable material, i.e., a material having a relatively high coefficient of thermal expansion. For 
example, the mechanical element may comprise a thermally expandable polymer, composite 
material, hydrocarbon-derived material, organic material, inorganic material, metal, bi-metal, or 
combinations thereof An example of a suitable thermally expandable polymer is PEEK 
(polyetherether ketone), and an example of a suitable thermally expandable composite material is 
PEEK combined with glass fibers. PEEK is a high temperature resistant engineered thermoplastic 
having excellent chemical and fatigue resistance plus thermal stability. PEEK also exhibits 
excellent mechanical and electrical properties at high temperatures. Altematively, the mechanical 
element may comprise one or more thermal expansion chambers that may be filled with an 
expanding and contracting fluid or solid. An example of a suitable fluid is antifi*eeze, which may 
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be added to another liquid such as water. Examples of antifreeze include methyl alcohol, ethyl 
alcohol, and ethylene glycol, which may contain a phosphate, nitrate, or other anticorrosive agent. 
When water is mixed with antifreeze, both its freezing and boiling points are changed. For 
example, the mixture has a higher boiling point than just water alone. An example of a suitable 
solid for placement within the thermal expansion chambers is a wax material that expands and 
contracts in response to temperature changes. This wax material remains in a semi-solid state and 
is very sensitive to temperature changes. In an altemative embodiment, the control element may 
include a temperature sensor coupled to an actuator that may be mechanically driven, electrically 
driven, or hydraulically driven. 

[0022] In another embodiment, the control element is capable of generating a digital or analog 
control signal that may be transmitted to the surface or other locales using, for example, electrical, 
hydraulic, and/or optical Unes, for signaling the position of the tool and/or the temperatures being 
sensed by a temperature sensor. As such, electrical, fiuidic, and/or optical logic and amplifiers 
such as a servomechanism may be employed to perform this task. A servomechanism refers to a 
device for controlling large amoimts of power by means of very small amounts of input power. 
For example, the control element may send a signal to a power source in response to sensing the 
mechanical expansion of the thermal expansion chambers, and the power source may send an 
electrical signal via an electrical line to adjust the TCV. In altemative embodiments, control 
signals may be transmitted from the surface to an actuator of the tool that is mechanically, 
electrically, hydrauUcally, or optically driven or that produces a mechanical output (e.g., 
force/motion/torque/velocity/acceleration.), an electrical output, a hydraulic output, or an optical 
output. For example, the control signal may work in tandem with the thermal expansion device to 
control the valve. If an operator wants the valve to open or close at a slightly lower or higher 
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temperature, the control signal could cool or heat the thermal expansion device shghtly to shift its 
set point. 

[0023] In yet another embodiment, a temperature sensor coupled to an actuator or a 
servomechanism senses a temperature change and responds by sending a signal (e.g., motion/ 
movement/change-in-length) to an actuator. The actuator then responds by sending its own signal 
(e.g., electricity, hydraulic power, a hght beam, or a digital or analog signal). If the actuator's 
signal is strong enough, it may directly adjust the TCV and thereby change the flow of material in 
the wellbore. The temperature sensor and the actuator may work together as a servomechanism to 
regulate such flow. 

[0024] According to an embodiment, a downhole tool may be operated by thermally- 
controlling the tool. The tool may be controlled by, for example, sensing a temperature and 
controUing the tool in response to the sensed temperature. A function and/or element of the tool 
may then be actuated mechanically, electrically, or hydraulically. For example, the control 
element may send an electrical signal to activate the TCV in response to sensing a change in 
temperature in a manner similar to how a household thermostat electrically controls a fiimace or air 
conditioning unit. Alternatively, the control element may send a signal to a hydraulic power unit, 
which would then use hydraulic fluid to activate the TCV. In another embodiment, control of the 
tool may be implemented by the thermal expansion of a mechanical element of the tool. The 
mechanical element may comprise a thermally expandable portion, e.g., a PEEK portion, a metal 
portion, or a bi-metallic portion, a TCV, one or more thermal expansion chambers filled with an 
expanding and contracting material, or combinations thereof 

[0025] As used herein, a thermally-controlled valve is defined as a device that is capable of 
regulating the flow of material into, through, and out of a wellbore in response to a change in 
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temperature near the valve. In an embodiment, fluid outlets or ports in the valve are adjusted as the 
temperature changes. For example, the valve may be actuated between an open position, a closed 
position, and intermediate positions therebetween. Li an embodiment, the valve comprises one or 
more ports, and the flow of fluid through the ports may be controlled by adjusting the size of the 
port in response to temperature changes. 

[0026] hi an embodiment, the TCV includes a valve body comprising an injection port for 
allowing material to flow into the wellbore and an opening/closing mechanism for regulating flow 
through the injection port in response to a change in temperature. The TCV may further include 
connectors for coupling the valve body to a downhole conduit for conveying material into or out of 
the wellbore. In an embodiment, the TCV may be threaded to mate with the downhole conduit. 
[0027] According to an embodiment, the opening/closing mechanism of the TCV comprises a 
material that is capable of expanding and contracting to regulate flow through the injection port in 
response to changes in temperature as described previously. In another embodiment, the 
opening/closing mechanism comprises at least one expansion chamber as described previously that 
is capable of expanding and contracting in response to changes in temperature. The TCV also 
comprises a slidable sleeve near the expansion chamber that is capable of moving in response to 
the expansion and contraction of the expansion chamber. The opening/closing mechanism 
comprises an expandable member such as a spring or piston disposed near the end of the slidable 
sleeve opposite from the expansion chamber. The slidable sleeve may also be capable of moving 
in response to the expansion and contraction of the expandable member. In addition, the slidable 
sleeve comprises an opening such as a hole for controlling flow through the injection port by 
alignment or mis-alignment with the injection port. The slidable sleeve is adapted to increase flow 
through the injection port when a detected temperature is approximately equal to a set point 
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temperature. It is further adapted to reduce flow through the injection port when a detected 
temperature is approximately less than or equal to a first set point temperature or greater than or 
equal to a second set point temperature. 

[0028] In yet another embodiment, the opening/closing mechanism may include a left return 
port and a right retum port in addition to the injection port. The left return port is laterally offset 
fi-om a left side of the injection port while the right retum port is laterally offset fi-om a right side of 
the injection port. In other embodiments, the positions of the injection port and the right and left 
retum ports relative to each may be interchanged. The hole in the shdable sleeve can be used to 
control the flow of fluid through the injection port and the left and right retum ports by alignment 
and mis-alignment therewith. The slidable sleeve is adapted to increase flow through the left 
retum port and reduce flow through the injection port and/or the right retum port when a detected 
temperature is less than or equal to a set point temperature. The slidable sleeve is also adapted to 
increase flow through the injection port and reduce flow through the right retum port and/or left 
retum port when a detected temperature is approximately equal to a set point temperature. 
Further, the slidable sleeve is adapted to increase flow through the right retum port and reduce flow 
through the injection port and/or the left retum port when a detected temperature is approximately 
greater than or equal to a set point temperature. Each set point temperature for the above scenarios 
may be the same as or different fh)m one or both of the other set point temperatures. Additional 
set points may be added to trigger other events to happen. 

[0029] According to an embodiment, systems for regulating the flow of material in a wellbore 
include a downhole conduit for conveying material into, through, and/or fi-om a wellbore and at 
least one TCV connected to the delivery conduit. Examples of suitable TCV's include, but are not 
limited to, the previously described TCV, a balanced pressure thermostatic valve such as a liquid 
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expansion thermostatic valve, a vapor expansion thermostatic valve, a hquid and vapor expansion 
thermostatic valve, and a solid expansion thermostatic valve, a bimetallic valve, a bi-metal reed 
valve, a bi-metal sliding valve, a concentric sleeve valve, a variable-orifice radial valve, a variable- 
orifice reed valve, or combinations thereof. 

[0030] In an embodiment, methods of servicing a wellbore include using a thermally- 
controlled tool comprising a TCV in the wellbore to control the injection of material into or the 
recovery of material fix)m the wellbore. The wellbore may be arranged in any configuration 
suitable for injecting or recovering material firom the wellbore, such as a steam-assisted gravity 
drainage (SAGD) configuration, a multilateral wellbore configuration, or a common wellbore 
configuration. A SAGD configuration comprises two independent wellbores with horizontal 
sections arranged one above the other. The upper wellbore is used primarily to convey steam 
downhole, and the lower wellbore is used primarily to produce oil. The wells are positioned close 
enough together to allow for heat flux firom one to the other. Oil in a reservoir adjacent to the 
upper wellbore becomes less viscous in response to being heated by the steam such that gravity 
pulls the oil down to the lower wellbore where it can be produced. A multilateral wellbore 
configuration comprises two or more lateral wellbores extending from a single "parent" wellbore. 
The lateral wellbores are spaced apart fi-om each other, wherein one wellbore may be used to 
convey steam downhole and the other wellbore may be used to produce oil. The multilateral 
wellbores may be arranged in parallel in various orientations such as vertically or horizontally and 
they may be spaced sufficiently apart to allow heat flux fi-om one to the other. In the common 
wellbore configuration, a common wellbore may be employed to convey steam downhole and to 
produce oil. The common wellbore may be arranged in various orientations such as vertically or 
horizontally. 
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[0031] Examples of materials that the TCV may regulate the flow of include fluids such as 
steam and water. Such fluids may be heated to provide thermal energy to the wellbore. Other 
suitable materials include hydrocarbons such as n^htha, kerosene, and gasoline, and liquefied 
petroleum gas products, such as ethane, propane, and butane. Such materials may be employed in 
miscible slug tertiary recovery processes or in enriched gas miscible methods known in the art. 
Additional suitable materials include surfactants such as soaps, soap-like substances, solvents, 
colloids, or electrolytes. Such materials may be iised for or in conjunction with miscellar solution 
flooding. Yet more suitable materials include polymers such as polysaccharides, polyacrylamides, 
and so forth. Such materials may be used to improve sweep efficiency by reducing the mobiUty 
ratio. 

[0032] In an embodiment, a plurality of TCV's may be disposed in a delivery conduit that 
conveys steam into a wellbore for heating oil residing in a subterranean formation penetrated by 
the wellbore. The steam may be produced in a boiler located above or below the surface of the 
earth near the wellbore. The TCV's may be strategically arranged througjiout the wellbore to 
achieve a substantially uniform temperature profile across the length of the wellbore. That is, the 
TCV's may be regulated such that TCV's at locations where the temperature has dropped below a 
specific set point increase the flow of steam into the wellbore and other TCV's at locations where 
the temperature has risen above a specific set point reduce the flow of steam into the wellbore. In 
alternative embodiments, power may be supplied to the TCV's using a hydraulic or electrical line 
ruiming fi-om die surface down to the brain. This power is not used to control the TCV's but 
instead acts to amplify the response of the brain to sensed temperature changes. 
[0033] Using the TCV's in this manner to control the injection of steam into the wellbore 
reduces the amount of hot spots and cold spots that form in the wellbore. As such, the steam may 
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flow into and become distributed throughout the subterranean formation, for example a tar sand 
formation. The steam thus heats a substantial portion, desirably the entire mass, of the oil in the 
subterranean formation, thereby sufficiently reducing the viscosity of the oil to stimulate the flow 
of the oil to a production wellbore and to the siuface of the earth, hi some cases, the pressure drop 
between the subterranean formation and the surface may be sufficient to naturally drive the oil to 
the surface. Altematively, the oil may be artificially displaced to the surface by, for example, 
pumping the oil to the surface. 

[0034] In another embodiment, a plurality of TCV's may be positioned throughout an oil 
production conduit disposed in a production well to regulate the recovery of material from the 
production well. The TCV's may be used, for example, to hmit the intake of produced fluids such 
as oil, water, and steam into the production conduit to fluids having a temperature in a set point 
temperature range. For example, the TCV may be employed to prevent steam from being 
recovered, particularly steam that is hotter than desired. Otherwise, the production of such steam 
could exacerbate the problem of steam breaking through the subterranean formation to the 
production well. 

[0035] Additional disclosure regarding the use of TCV's in a wellbore may be found in the 
copending patent application entitled "Loop Systems and Methods of Using the Same to Convey 
Steam into a Wellbore," filed concurrently herewith. It is understood that the embodiments 
depicted in the figures are only examples of how the TCV may be configured to inject steam into a 
wellbore. The TCV can be configured to regulate the flow of any material at a desired temperature 
into, through, and/or out of a wellbore. 

[0036] Figures lA-lC illustrate three different operation modes of an embodiment of a TCV 
that does not require an external power source or signals from an outside source for its operation. 
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The TCV 8 may be connected to a conduit such as a steam hne (not shown) that conveys steam 
into the wellbore. The TCV 8 includes a valve body 12 having a flow passage 10 therethrough and 
one or more injection ports 14 through which the steam can flow fix>m the steam line through valve 
body 12 into the wellbore. The valve body 12 may include connectors 19 with threaded regions 
34, at either or both ends that mate with ends of the steam line to connect TCV 8 to the steam line. 
The TCV 8 further includes an opening/closing mechanism 15 for opening and closing injection 
ports 14 in response to changes in temperature. The opening/closing mechanism may be 
positioned adjacent to an outer section 17 of valve body 12 and between connectors 19 of valve 
body 12. The outer section 17 and the connectors 19 of valve body 12 are connected together via 
threads and locking screws 32 for ensuring that the threads do not unscrew. The opening/closing 
mechanism 15 comprises expansion chambers 16, 18, 20, and 22 adjacent to one connector 19 of 
valve body 12, a slidable sleeve 24 adjacent to the expansion chambers, and a spring 28 adjacent to 
an end of slidable sleeve 24 opposite from the expansion chambers. Spring 28 is also positioned 
adjacent to the other connector 19 of valve body 12, thereby placing a biasing force against 
shdable sleeve 24 and expansion chambers 16, 18, 20, and 22. The spring 28 is initially in its 
normal biasing position before steam is mjected into the wellbore. In alternative embodiments, the 
expansion chambers and the spring may be substituted with other types of expandable members 
such as pistons. 

[0037] The expansion chambers 16, 18, 20, and 22 may expand and contract in response to 
changes in temperature. It is understood that the number of expansion chambers could vary with 
the application and/or design of the TCV. They have flexible walls and are filled with a fluid, such 
as a liquid, a gas, or with a solid that may or may not change phase at a higher temperature. For 
example, expansion chambers 16, 18, 20, and 22 may be filled with different liquids having 
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different boiling points. Thus, the Uquids in expansion chambers 16, 18, 20, and 22 may vaporize 
when TCV 8 is heated to a temperature above their respective boiling points, causing the flexible 
walls to expand. The expansion chambers 16, 18, 20, and 22 may also contract if the temperature 
of TCV 8 falls below the respective boiling points of the gases therein, causing the gases to 
liquidize. The slidable sleeve 24 can move in response to the expansion and contraction of 
expansion chambers 16, 18, 20, and 22. Also, it comprises one or more holes 26 for controlling the 
flow of the steam through injection ports 14 by alignment or mis-alignment with injection ports 14. 
The holes 26 and injection ports 14 may have a special coating thereon (e.g., a nitride coating) or 
be made of a special material (e.g., tungsten carbide) to prevent erosion due to, for example, fluid 
cutting and/or wear. The TCV may also include a nut (not shown) that can be adjusted to cause 
movement of slidable sleeve 24 to close off injection ports 14 at a certain temperature. The 
adjustment nut is used to fine-tune the position of the sliding sleeve. For example if two expansion 
chambers are filled with an identical fluid but one chamber has slightly less fluid in it, this chamber 
would not expand as much as the other chamber. To ensure both chambers would open at the 
same time (and temperature), the adjustment nut of one chamber could be turned slightly to ensure 
that it would open at the same time as the other chamber. 

[0038] The TCV may further include seals 30a that are interposed between outer section 17 
and slidable sleeve 24 on the left and right side of holes 26 and/or injection port 14 for preventing 
fluid from leaking out through injection ports 14 when holes 26 are misaligned with injection port 
14. The seals 30a may comprise close tolerance (i.e. sliding fit) components as shown, metal-to- 
metal seals, other known seals such as o-rings, vee-packing, and carbon fiber high temperature 
packing, or combinations thereof. Alternatively, seals 30a could include connecters for attachment 
to slidable sleeve 24 or outer section 17, or they could be molded to slidable sleeve 24 or outer 
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section 17. In addition, debris barriers (or wipers) 30b such as o-rings are interposed between 
slidable sleeve 24 and outer section 17 for preventing fluid, scale, or debris from accumulating 
between valve body 12 and slidable sleeve 24. 

[0039] In a first operation mode of TCV 8 shown in Figure IC, the temperature of a fluid 
entering TCV 8 is initially below or equal to a first set point temperature (e.g., 300**F). This fluid 
originates from a boiler that converts water into steam; however, as the steam passes from the 
boiler to TCV 8 via a steam line, a portion of the steam may cool to below its boiling point 
temperature and condense. As such, the fluid passing through TCV 8 initially may contain 
primarily water and may eventually contain steam and mostly condensate. The temperature within 
TCV 8 is thus insufficient to cause the liquids within expansion chambers 16, 18, 20, and 22 to 
vaporize. Thus, slidable sleeve 24 remains in its original position. At this position, hole 26 is mis- 
aligned to the left of opening 14 such that TCV 8 is closed and does not release the fluid into the 
wellbore. The TCV 8 may be maintained in the closed position until the quahty of the steam 
passing into TCV 8 improves and no longer contains undesirable amounts of condensate or water 
droplets, ensuring that it will adequately heat the oil in an adjacent subterranean formation. 
[0040] As shown in Figure IB, once the temperature of the steam and the operation 
temperature of TCV 8 as affected by a surrounding temperature of the subterranean formation 
reach a first set point temperature (e.g., 300°F), TCV 8 enters a second operation mode. By way of 
example, the liquid in the first two expansion chambers 16 and 18 vaporize, causing the walls of 
expansion chambers 16 and 18 to expand toward slidable sleeve 24. The expansion of chambers 
16 and 18 thereby forces slidable sleeve 24 to move toward spring 28, which contracts in response 
to the force of slidable sleeve 24. As a result of the movement of shdable sleeve 24, hole 26 
becomes aligned with injection port 14, thereby opening the port such that steam may pass 
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therethrough. The steam within TCV 8 thus becomes injected into the wellbore where it can 
migrate into the subterranean formation and thermally stimulate the movement of oil therein. In an 
alternative embodiment, expansion chambers 16, 18, 20, and/or 22 may contain a material that 
does not go through a phase change at a particular temperature but instead expands at a near-linear 
rate as the temperature increases. Li this case, the set point temperature may include a range of 
temperatures over which sUdable sleeve 24 gradually shifts open and closed. 
[0041] At some point, the steam within TCV 8 may reach a second set point temperature (e.g., 
about 500°F) higher than the first set point temperature. To avoid the formation of hot spots within 
the wellbore, the injection of such hot steam into the wellbore is stopped by the TCV 8 switching 
to a third operation mode depicted in Figure 1 A. By way of example, the liquids within expansion 
chambers 20 and 22 vaporize such that chambers 20 and 22 expand toward slidable sleeve 24. 
The force ^plied against slidable sleeve 24 by expansion chambers 20 and 22 causes slidable 
sleeve 24 to advance fiirther, compressing spring 28 even more. As a result of the movement of 
slidable sleeve 14, hole 26 becomes mis-ahgned to the right of injection port 14 such that injection 
port 14 becomes blocked, thereby closing TCV 8. Thus, the hot steam within TCV 8 no longer can 
flow into the wellbore but can flow downstream through the steam line to other TCV's. If the 
temperature of the steam cools back to below the second set point temperature, the gases within 
expansion chambers 20 and 22 condense, resulting in the contraction of those chambers. 
Consequently, the force appUed by slidable sleeve 24 against spring 28 drops, allowing spring 28 
to expand and push slidable mechanism 24 back toward the expansion chambers. In this manner, 
TCV 8 may switch back to the second operation mode. In a similar manner, TCV 8 can switch 
back to the first operation mode when the temperature falls below the fu^t set point temperature 
such that the gases within expansion chambers 16 and 18 condense. 
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[0042] Figures 2A-2C illustrate three different operation modes of yet another embodiment of 
a TCV suitable for injecting steam into a wellbore. This embodiment of the TCV is similar to the 
embodiment depicted in Figures 1 A-IC. Like TCV 8, TCV 40 may be connected to a conduit such 
as a steam line (not shown) for conveying steam from a boiler into the wellbore. Unlike TCV 8, 
the base of TCV 40 is also connected to another conduit such as a return line 42 for conveying 
condensate from the wellbore back to the boiler where it can be heated and vaporized for reuse. 
The TCV 40 includes a valve body 44 having a flow passage 46 therethrough and one or more 
injection ports 56 through which the steam can flow from the steam line through valve body 44 
into the wellbore. Valve body 44 further includes one or more left and right return ports 57 and 59 
through which the condensate and too hot steam can flow from the steam line into return line 42. 
Left return port 57 is laterally offset from the left side of injection port 56, and right return port 59 
is laterally offset from a right side of injection port 56. The valve body 44 may also include 
connectors 50 with threaded regions 78, at either or both ends that mate with the steam line to 
connect TCV 40 to the steam line. The return line 42 may also include connectors or threads for 
mating with other conduits or tools 

[0043] The TCV 40 fiulher includes an opening/closing mechanism 55 for opening and 
closing injection port 56 and return ports 57 and 59 in response to changes in temperature. The 
opening/closing mechanism 55 may be positioned adjacent to an outer section 48 of valve body 44 
and between connectors 50. The outer section 48 and the connectors 50 of valve body 44 are 
connected together via threads and locking screws 76 for ensuring that the threads do not unscrew. 
The opening/closing mechanism 55 comprises expansion chambers 58, 60, 62, and 64 adjacent to 
one connector 50 of valve body 44, a sUdable sleeve 66 adjacent to the expansion chambers, and a 
spring 70 adjacent to an end of slidable sleeve 66 opposite from the expansion chambers. Spring 
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70 is also positioned adjacent to the other connector 50 of valve body 44, thereby placing a biasing 
force against slidable sleeve 66 and expansion chambers 58, 60, 62, and 64. The spring 70 is 
initially in its normal biasing position when TCV 40 before steam is pumped through valve body 
44. In alternative embodiments, the expansion chambers and the spring may be substituted with 
other types of expandable members such as pistons. 

[0044] The expansion chambers 58, 60, 62, and 64 may expand and contract in response to 
changes in temperature. It is imderstood that the number of expansion chambers could vary with 
the application and/or design of the TCV. They have flexible walls and are filled with a fluid, such 
as a Hquid, a gas, or a solid that may or may not change phase at a higher temperature. For 
example, the expansion chambers 58, 60, 62, and 64 may be filled with different liquids having 
different boiling points. Thus, the liquids in expansion chambers 58, 60, 62, and 64 may vaporize 
when TCV 40 is heated to a temperature above their respective boiling points, causing the flexible 
walls to expand. The expansion chambers 58, 60, 62, and 64 may also contract if the temperature 
of TCV 40 falls below the respective boiling points of the gases therein, causing the gases to 
liquidize. The slidable sleeve 66 can move in response to the expansion and contraction of 
expansion chambers 58, 60, 62, and 64. Also, it comprises a hole 68 for controlling the flow of the 
steam through injection port 56 by alignment or mis-alignment therewith and for controlling the 
flow of steam and/or condensate through retum ports 57 and 59 by aUgnment or mis-ahgnment 
therewith. The hole 68 and ports 56, 57, and 59 may have a special coating thereon (e.g., a nitride 
coating) or be made of a special material (e.g., tungsten carbide) to prevent erosion due to, for 
example, fluid cutting and/or wear). The TCV may also include a nut (not shown) that can be 
adjusted to cause movement of slidable sleeve 66 to close off injection port 56 at a certain 
temperature. 
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[0045] The TCV may further include seals 74a that are interposed between outer section 48 
and slidable sleeve 66 on the left and right side of holes 68 and/or injection port 56 for preventing 
fluid from leaking out through injection ports 56 when holes 68 are misaligned with injection ports 
56. The seals 74a may comprise close tolerance (i.e. sliding fit) components as shown, metal-to- 
metal seals, other known seals such as o-rings, vee-packing, and carbon fiber high temperature 
packing, or combinations thereof. Alternatively, seals 74a could include connecters for attachment 
to slidable sleeve 66 or outer section 48, or they could be molded to slidable sleeve 66 or outer 
section 48. In addition, debris barriers (or wipers) 74b such as o-rings are interposed between 
slidable sleeve 66 and outer section 48 for preventing fluid, scale, or debris from accumulating 
between outer section 48 and slidable sleeve 66. 

[0046] In a first operation mode of TCV 40 shown in Figure 2C, the temperature of a fluid 
entering TCV 40 is initially below a first set point temperature (e.g., 300°F). This fluid originates 
fix>m a boiler that converts water into steam; however, as the steam passes from the boiler to TCV 
40 via a steam line, a portion of the steam may cool to below its boiling point temperature. As 
such, the fluid passing through TCV 40 initially may contain primarily water and may eventually 
contain steam and mostly condensate. By way of example, the temperature within TCV 40 is thus 
insufficient to cause the liquids within expansion chambers 58, 60, 62, and 64 to vaporize. Thus, 
in the first operation mode, slidable sleeve 66 remains in its original position. At this position, hole 
68 is aligned with left return port 57 and thus allows the condensate and cool steam within TCV 40 
to flow into return line 42. The hole 68 is also mis-aligned to the left of injection port 56 and thus 
prevents the condensate and cool steam within TCV 40 fix)m flowing into the wellbore and 
creating cold spots therein. In addition, hole 68 is mis-aligned with right return port 59. 
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[0047] As shown in Figure 2B, once the temperature of the steam and the operation 
temperature of TCV 40 as affected by a surrounding temperature of the subterranean formation 
reach the first set point temperature (e.g., about SOO^'F), TCV 40 enters a second operation mode. 
By way of example, the liquid in the first two expansion chambers 58 and 60 vaporize, causing the 
expansion chambers to expand toward slidable sleeve 66. The expansion of chambers 58 and 60 
thereby forces slidable sleeve 66 to move toward spring 70, which contracts in response to the 
force of slidable sleeve 66. As a result of the movement of slidable sleeve 66, hole 68 becomes 
aligned with injection port 56, thereby allowing steam to pass through injection port 56. At least a 
portion of the steam within TCV 40 thus becomes injected into the wellbore where it can migrate 
mto the subterranean formation and thermally stimulate the movement of oil therein. In addition, 
hole 68 becomes mis-aligned with right and left return ports 57 and 59, thus preventing the steam 
within TCV 40 fi-om entering return line 42. The steam may also flow downstream through the 
steam line to other TCV's. In an altemative embodiment, expansion chambers 16, 18, 20, and/or 
22 may contain a material that does not go through a phase change at a particular temperature but 
instead expands at a near-linear rate as the temperature increases. In this case, the second set point 
temperature may include a range of temperatures over which slidable sleeve 66 gradually shifts 
open and closed. 

[0048] At some point, the steam within TCV 40 may reach a second set point temperature 
higher than the first set point temperature (e.g., 500°F). To avoid the formation of hot spots within 
the wellbore, the injection of such hot steam into the wellbore is stopped by the TCV 40 switching 
to a third operation mode depicted in Figure 2 A. By way of example, the liquids within expansion 
chambers 62 and 64 vaporize such that the chambers expand toward sHdable sleeve 66. The force 
applied against slidable sleeve 66 by expansion chambers 62 and 64 causes slidable sleeve 66 to 
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advance further, compressing spring 70 even more. As a result of the movement of slidable sleeve 
66, hole 68 becomes mis-aligned to the right of injection port 56, thereby closing injection port 56 
and preventing the hot steam within TCV 40 from passing into the wellbore. Hole 68 further 
becomes aligned with right return port 59 and mis-aligned with left retum port 57. As such, the hot 
steam may flow into retum line 42 via right retum port 59 rather than left retum port 57. The 
steam can also flow downstream through the steam line to other TCV's, cooling to the set point 
temperature on its way. 

[0049] If the temperature of the steam within TCV 40 cools back to below the second set point 
temperature, the gases within expansion chambers 62 and 64 condense, resulting in the contraction 
of those chambers. Consequently, the force applied by slidable sleeve 66 against spring 70 drops, 
allowing spring 70 to expand and push slidable mechanism 66 back toward the expansion 
chambers. In this manner, TCV 40 may switch back to the second operation mode. In a similar 
manner, TCV 40 can switch back to the first operation mode when the temperature falls below the 
first set point temperature such that the gases within expansion chambers 58 and 60 condense. 
[0050] Figure 3 illustrates a balanced pressure thermostatic valve that may be employed as a 
downhole TCV for controlling the flow of steam and condensate. The valve comprises a housing 
100 having an inlet 102, an outlet 104, and a flow passage 101 therethrough. The inlet 102 and the 
ouflet 104 may include connectors such as threads 105 for coupling the valve to one or more 
conduits and/or downhole tools. For example, inlet 102 may be coupled to a steam line, and outlet 
104 may be coupled to a condensate retum line. The valve fiuther comprises a thermally 
expandable member 106, e.g., a cormgated metal bellow, a seahng member 108, and a seat 109 for 
receiving sealing member 108. The top of expandable member 106 may be firmly fixed to allow 
expansion or contraction to take place at the bottom of the valve to move sealing member 108 onto 
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or off of seat 109. The expandable member 106 may be filled with, for example, an alcohol 
mixture that has a boiling point lower than that of water. When steam initially flows in through 
inlet 102, seahng member 108 is not on seat 109 such that air flows out through outlet 104, 
followed by a cooler condensate. As the condensate gradually warms up, heat is transferred to the 
alcohol mixture in expandable member 106. Before the condensate reaches its boiling point, the 
alcohol mixture reaches its boihng point. As soon as the alcohol mixture boils, it gives off vapor, 
increasing the pressure inside of expandable member 106. This pressure exceeds the pressure 
inside the valve body such that expandable member 106 expands and forces sealing member 108 
onto its seat 109, thereby closing the valve. The steam thus cannot escape into the condensate 
return line but can instead be conveyed into the wellbore through another outlet (not shown). 
[0051] Turning to Figures 4A-4B, a bimetallic valve that may also be employed as a downhole 
TCV is shown. The valve includes a housing 110 having an inlet 1 14, an outlet 1 16, and a flow 
passage 112 therethrough. It may also include connectors such as threads 115 for coupling the 
valve to one or more conduits and/or downhole tools. For example, inlet 1 14 may be coupled to a 
steam line, and outlet 116 may be coupled to a condensate retum line. A thermally expandable 
member 118, e.g., a bimetallic element, a sealing member 122, a stem 120 for connecting 
expandable member 1 18 to sealing member 122, and a seat 124 for receiving sealing members 122 
are disposed within housing 110. Fluid may enter the bimetallic valve via inlet 1 14. Figure 4 A 
shows the bimetallic valve when outlet 116 is open, and Figure 4B shows the bimetaUic valve 
when outlet 1 16 is closed. When steam initially flows into inlet 1 14, it initially forms condensate 
that cools expandable member 118. The steam pressure causes expandable member 118 to push 
sealing member 122 away from its seat 124, thereby opening outlet 1 16 to allow the condensate to 
flow into a condensate retum line. Eventually the steam warms up to a temperature at which it 
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contains no condensate. The higher temperature of the steam causes expandable member 1 18 to 
pull sealing member 122 toward its seat 124, thereby closing outlet 116 to prevent steam from 
being released into the condensate return line. Instead, the steam may be conveyed through 
another outlet (not shown) into a wellbore. 

[0052] Figure 5 depicts a liquid expansion thermostatic valve that may be employed as a 
downhole TCV for controlling the flow of condensate and steam. The valve includes a housing 
126 having an inlet 130, an outlet 132, a flow passage 128 therethrough, and connectors such as 
threads 134 for coupling inlet 130 and outlet 132 to one or more downhole conduits and/or tools 
such as a steam line and a condensate return line. The valve is operated by the expansion and 
contraction of a thermostatic element 136 that responds to the temperature difference between 
steam and condensate. The valve also includes a free moving piston 140 having a piston rod 142, a 
seaHng member 144 fixed on the end of piston rod 142, and a seat 146 for receiving sealing 
member 144. The thermostatic element 136 is filled with an oil 138 that is in contact with piston 
140. When steam initially flows into the valve through inlet 130, condensate forms at a steady 
rate. The sealing member 144 is positioned to allow air and just this amount of condensate to pass 
througjh outlet 132. However, if the amount of condensate being formed increases, it becomes 
backed up in the valve before outlet 132 where it cools off. The cooler condensate causes oil 138 
to contract and cause piston 140 to force sealing member 144 away from its seat 146, thus allowing 
the greater volume of condensate to be discharged. On the contrary, when the quantity of 
condensate in the valve decreases, more steam contacts thermostatic element 136, thus transmitting 
heat to oil 138 such that it expands. This expansion acts on piston 140 to cause sealing member 
144 to be pushed nearer and nearer to its seat 146, steadily reducing the flow of the condensate. 
The sealing member 144 may thus close off completely before the steam can pass into a 
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condensate return line, allowing the steam to instead be conveyed through another outlet (not 
shown) into a wellbore. The valve may also be adjusted by a nut 148 such that sealing member 
144 is pushed against its seat 146 after a certain amount of oil expansion has taken place. As such, 
the valve can be set to close off at a certain temperature. 

[0053] Figure 6 depicts another TCV, i.e., a bi-metal reed valve, which may be employed 
downhole for controlling the flow of steam and condensate. The TCV comprises a housing 150 
havmg ports 152, a flow passage 154 within housing 150, and a sealing member such as a bi-metal 
reed 156 fixed to housing 150. When steam is initially passed into the valve, air and condensate 
pass freely out of ports 152 into a condensate retum line. Then as bi-metal reed 156 approaches 
the temperature of the steam, its free end bends upward and eventually closes ports 152, The 
passage of the steam into a condensate retum line is thus blocked, and the valve may allow steam 
to flow through other outlets (not shown) into a wellbore when its temperature has reached a set 
point temperature (e.g., 300°F). The ports 152 remain closed until the valve fills with condensate 
that cools bi-metal reed 156 sufficiently to cause it to bend downward, thereby opening ports 152. 
[0054] Turning to Figure 7, yet another TCV, i.e., a bi-metal sliding valve, is depicted that may 
be used downhole to regulate the flow of steam and condensate. The TCV comprises a housing 
160 having ports 162, a flow passage 164 within housing 160, and a thermally expandable member 
166 such as a bi-metal strip at the neck of the valve. When steam is initially passed into the valve, 
air and condensate pass freely out of ports 162 into a condensate retum line. Then as expandable 
member 166 approaches the temperature of the steam, it expands and eventually closes the neck of 
the valve, thus preventing the steam from exiting ports 162. The valve remains closed until it fills 
with condensate that cools expandable member 166 sufficiently to cause it contract and open the 
neck of the valve, allowing the condensate to flow through ports 162. 
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,00551 Figures SA-SC illustn.te three modes of another embodiment of a TCV that may be 
utilized downhole to control the flow of condensate and steam. The TCV includes a protective 
housing or shroud 170 surrounding an expandable ring 172 having a relatively high coefficient of 
thermal expansion and an inner mandrel 174. The TCV forther includes outer ports 171 and 176 
and inner ports 178 through which fluid may flow from the TCV into a wellbore. As shown in 
Figure 8C, when a temperature near the TCV is below or equal to a first set point temperature (e.g.. 
300-F), expandable ring 172 is in a contracted state where it blocks inner ports 178. thereby 
preventing the condensate from entering the wellbore. As shown in Figure 8B, when a temperature 
near the TCV is greater than or «iual to a second set point temperamre (e.g.. 500'F), expandable 
ring 172 expands such that it blocks outer ports 1 7 1 . As such, hot steam is prevented from entering 
the wellbore. Further, as shown in Figure 8 A. when a temperature near .he TCV is within a pre- 
determined temperature range between the first and second set points, expandable ring 172 blocks 
neither outer ports 171 nor inner ports 178 and thus allows the steam to flow into the wellbore. 
[0056] Figures 9A-9B illustrate a TCV that may be used downhole to control the flow of 
condensate and steam and to prevent sand from being produced along with oil in a wellbore. 
TCV includes a protective housing or shroud 180. a mesh screen 184. and a conduit 186 having 
ports 188. Mesh screen 184 allows fluids to pass therethrough but blocks solid particles such as 
sand, in addition, the TCV includes an expandable material 182 interposed between protective 
housing 180 and mesh screen 184 that has a relatively high coefficient of them^al expan^on. The 
expandable material 182 may be bounded to mesh screen 184 or to a ring or conduit for holding 
expandable material 182. The TCV may be operated in accordance with either or both of the 
following methods: 1) gaps in expandable material 182 and/or in mesh screen 184 may open and 
close in response to changes in temperature, thereby regulating the flow of fluid through the gaps; 
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and 2) expandable material 182 contracts to restrict flow through ports 188 or expands to allow 
flow through ports 188. Figure 9A shows expandable material 182 in an expanded state, and 
Figure 9B shows expandable material 182 in a contracted state. 

[00571 Figure IDA depicts a cross-sectional view and Figure lOB depicts a top down view of 
another TCV that may be employed to regulate the flow of fluid such as steam, condensate, or oil. 
The TCV includes a housing 190, a conduit 192 bonded to an expandable material 194, e.g., 
production tubing, having one or more ports 196 in communication with, e.g., a wellbore. The 
expandable material 194 may have a relatively high coefficient of thermal expansion such that it 
expands and contracts a lot in response to changes in temperature. When the temperature in the 
TCV is greater than or equal to a set point temperature at which steam could generate a hot spot in 
a wellbore, expandable material 194 may expand to cause each port 196 to close and block the 
passage of fluid into a wellbore. Otherwise, expandable material 194 may be in a contracted state 
such that each port 196 is open to allow steam at a temperature below the set point temperature to 
pass into the wellbore. 

[0058] As shown in Figure 1 1 A, the TCV may also be configured with a side pocket mandrel 
for holding a unit comprising the primary elements of the TCV, wherein this unit is hereinafter 
referred to as the "brain" of the TCV. Positioning the brain in a side pocket provides for 
accessibihty through the TCV below the side pocket such that other components such as other 
TCV's in conduit can be easily accessed. Further, the brain can be retrieved firom a wellbore for 
repairs, maintenance, replacement, and/or a set point change. The brain may be removed and 
replaced with another brain, if desired, by lowering a tool deployed on wireline or coiled tubing 
into the wellbore through the delivery conduit. A tool shaped to fit around the end of the brain 
could be used to hold the brain as it is being retrieved from or lowered into the wellbore. Fiber 
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optic cable could be placed along the wellbore on the outside of the steam line to detect the 
temperature along the entire length of the wellbore. Altematively, temperature sensors could be 
placed along the wellbore. Such temperature monitoring methods could be used to indicate when a 
brain needs to be replaced with another one having different set points. 

[0059] According to an embodiment, the TCV depicted in Figure 11 A includes a valve body 
200 having a flow passage 202 through which material can pass. The valve body 200 may be 
connected to a conduit such as a steam line using connectors 204 such as male-female connectors 
having threads 206 for attaching connectors 204 to the conduit (not shown). A portion 208 of 
valve body 200 extends out past the rest of valve body 200 and forms a U-shaped recess, i.e., a side 
pocket 212, for holding a brain 210 of the TCV. The brain 210 includes the primary elements of 
the TCV and controls the flow of fluid into a wellbore. 

[0060] Figures 1 lB-1 ID illustrate three operating modes of an embodiment of the brain 210 
shown in Figure 1 lA. The end of brain 210 is shaped to fit within the end of a tool (not shown) 
that may be employed to position brain 210 within and remove brain 210 fix)m side pocket 212, 
Ports 21 1 and 213 are disposed in side pocket 212 for allowing material such as steam to flow into 
and out of brain 210. The steam may pass into the brain via inlet port 213 and may exit the brain 
via outlet port 2 1 1 . A central region 2 1 7 of brain 2 1 0 comprising a central port 215 through which 
material may pass extends along a common axis with inlet port 213 and ouflet port 211. The brain 
210 comprises one or more expansion chambers that encircle central region 217, a slidable sleeve 
216 laterally adjacent to expansion chambers 214, and a spring 220 adjacent to an end of slidable 
sleeve 216 opposite from the expansion chambers. The brain 210 further may include primary 
seals 222 (e.g., metal-to-metal seals) between slidable sleeve 216 and pocket 212. It may also 
include seals 232 such as o-rings that act as secondary seals and/or as debris barriers to prevent 
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fluid from entering the expansion chamber and spring areas. Seals such as o-rings or debris 
barriers also may be disposed above the expansion chambers and below the spring for the same 
puipose. The seals 222 and 232 may include connecters for attachment to pocket 212, or 
altematively they may be molded to sUdable sleeve 216. 

[0061] The expansion chambers 214 may expand and contract in response to changes in 
temperature. It is understood that the number of expansion chambers could vary with the 
application and/or design of the brain. They have flexible walls and are filled with a solid, a liquid, 
or a gas that changes phase or expands at a higher temperature. For example, expansion chambers 
214 may be filled with different liquids having different boihng points. Thus, the liquids in 
expansion chambers 214 may vaporize when heated to a temperature above their respective boihng 
points, causing the flexible walls to expand. The expansion chambers 214 may also contract if 
their temperature falls below the respective boiling points of the gases therein, causing the gases to 
hquidize. In altemative embodiments, expansion chambers 214 may be substituted with other 
types of expandable members such as pistons. The slidable sleeve 216 can move in response to the 
expansion and contraction of expansion chambers 214. Also, slidable sleeve 216 comprises a hole 
218 for controlling the flow of steam through ports 211, 213, and 215 by alignment or mis- 
alignment with those ports. The hole 218 and ports 21 1, 213, and 215 may have a special coating 
thereon (e.g., a nitride coating) or may be made of a special material (e.g., tungsten carbide) to 
prevent erosion due to, for example, fluid cutting and/or wear). The spring 220 places a biasing 
force against slidable sleeve 216 and expansion chambers 214. The spring 220 is initially in its 
normal biasing position before steam is pumped through flow passage 202 (see Figure 1 1 A). In 
altemative embodiments, spring 220 may be substituted with other types of expandable members 
such as pistons. The TCV may also include a nut (not shown) that can be adjusted (e.g., before 
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placing brain 210 in side pocket 212) to cause movement of the slidable sleeve 216 to close off 
ports 21 1, 213, and 215 at a certain temperature. 

[0062] In a first operation mode of brain 210 shown in Figure 1 IB, the temperature of a fluid 
entering the TCV is initially below a first set point temperature (e.g., 300"*?). This fluid may 
originate fi:'om a boiler that converts water into steam; however, as the steam passes fipom the boiler 
to the TCV via a steam hne, a portion of the steam may cool to below its boiling point temperature 
and condense. As such, the fluid passing through TCV 40 initially may contain primarily water 
and may eventually contain steam and mosfly condensate. The temperature within brain 210 is 
thus insufficient to cause the liquids within expansion chambers 214 to vaporize. Thus, slidable 
sleeve 216 remains in its original position at which hole 218 is mis-aligned to the left of ports 211, 
213, and 215 such that fluid cannot flow through brain 210 and into an adjacent wellbore. The 
brain 210 may be maintained in this closed position until the quality of the steam passing into the 
TCV improves and no longer contains undesirable amounts of condensate or water droplets, thus 
ensuring that it will adequately heat the oil in an adjacent subterranean formation. 
[0063] As shown in Figure IIC, once the temperature of the steam and the operation 
temperature of the TCV as affected by a surrounding temperature reach the first set point 
temperature, brain 210 enters a second operation mode. By way of example, the liquid in the first 
two expansion chambers 214a vaporize, causing the walls of those chambers to expand toward 
slidable sleeve 216. As such, slidable sleeve 216 moves toward spring 220, which contracts in 
response to the force of slidable sleeve 216. As a result of the movement of sHdable sleeve 216, 
hole 218 becomes ahgned with ports 211, 213, and 215, thereby allowing the steam to pass fix)m 
flow passage 202 through brain 210 and into the wellbore as shown by arrow 219. The steam 
within the TCV thus becomes injected into the wellbore where it can migrate into the subterranean 
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formation and thermally stimulate the movement of oil therein. In an alternative embodiment, 
expansion chambers 214 may be filled with a material that does not go through a phase change at a 
particular temperature but instead expands at a near-linear rate as the temperature increases. In this 
case, the set point temperature may include a range of temperatures over which ports 21 1, 213, and 
215 gradually open and close. 

[0064] At some point, the steam within the TCV may reach a second set point temperature 
(e.g., 500°F) higher than the first set point temperature. To avoid the formation of hot spots within 
the wellbore, the injection of such hot steam into the wellbore is stopped by the brain 210 
switching to a third operation mode depicted in Figure 1 ID. By way of example, the liquid within 
expansion chambers 214b vaporizes such that those chambers expand toward slidable sleeve 216. 
The liquid within expansion chambers 214b has a higher boiling point than the liquid within 
expansion chambers 214a, which expanded at a lower set point temperature. The force applied 
against sUdable sleeve 216 by expansion chambers 214b causes slidable sleeve 216 to advance 
fiirther. As a resuh of the movement of slidable sleeve 216, hole 218 becomes mis-aligned to the 
right of ports 211, 213, and 215 such that those ports become blocked and brain 210 no longer 
releases steam into the wellbore. While the hot steam within the TCV no longer can flow into the 
wellbore, it can flow downstream through the steam line to other TCV*s. If the temperature of the 
steam cools back to the second set point temperature, brain 210 may switch back to the second 
operation mode. The brain 210 also can switch back to the first operation mode when the 
temperature falls below the first set point temperature. 

[0065] Turning to Figure HE, another embodiment of brain 210 is depicted. In this 
embodiment, brain 210 includes expansion chambers 240, a sliding or spool 242, and a spring 254 
in its central region between an upper region 244 and a lower region 246. The upper and lower 
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regions comprise ports 248 and 250, respectively, aligned along a common axis. As in the other 
embodiment of brain 210, expansion chambers 240 can expand and contract in response to 
temperature changes, thus causing the movement of sUding or spool 242 toward or away fix>m 
spring 254. In this manner, a hole 252 in sUding or spool 242 may become aligned with or 
misaligned with ports 248 and 250, thereby regulating the flow of material through brain 210 and 
into an adjacent wellbore. The brain 210 may further comprise sealing elements between various 
components as described previously. It is understood that the previously described TCV's, 
including the TCV's shown in Figures 1 A-IC and 2A-2C could also configured for use as a brain 
in a side pocket. 

[0066] In alternative embodiments, power may be supplied to the brain using a hydraulic or 
electrical line running fi:om the surface down to the brain. This power is not used to control the 
brain but instead acts to amphfy the response of the brain to sensed temperature changes. 
[0067] While the preferred embodiments of the invention have been shown and described, 
modifications thereof can be made by one skilled in the art without departing fi-om the spirit and 
teachings of the invention. The embodiments described herein are exemplary only, and are not 
intended to be limiting. Many variations and modifications of the invention disclosed herein are 
possible and are within the scope of the invention. For example, the embodiments may be made to 
fimction at one or more set points. Use of the term "optionally" with respect to any element of a 
claim is intended to mean that the subject element is required, or alternatively, is not required. 
Both alternatives are intended to be within the scope of the claim. Direction terms in this patent 
s^plication, such as "left", "right", "upper", "lower", "above", "below", etc., are not intended to be 
limiting and are used only for convenience in describing the embodiments herein. Further, it is 
imderstood that the various embodiments described herein may be utilized in various 



12778.01/1391.45100 



32 



Docket No. HES 200 1 -IP-005305 Express Mail Label EL 989054072 US 

configurations and in various orientations, such as inclined, inverted, horizontal, vertical, etc., as 
would be apparent to one skilled in the art. 

[0068] Accordingly, the scope of protection is not Umited by the description set out above, 
but is only limited by the claims which follow, that scope including all equivalents of the subject 
matter of the claims. Each and every claim is incorporated into the specification as an 
embodiment of the present invention. Thus the claims are a further description and are an 
addition to the preferred embodiments of the present invention. The discussion of a reference in 
the Description of Related Art is not an admission that it is prior art to the present invention, 
especially any reference that may have a publication date after the priority date of this 
application. The disclosures of all patents, patent applications, and publications cited herein are 
hereby incorporated by reference, to the extent that they provide exemplary, procedural or other 
details supplementary to those set forth herein. 
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